Abstract. Previous studies have indicated that phototherapy may be associated with childhood immune disorders in later life. The present study aimed to assess the effects of phototherapy as a risk factor in the decrease in serum globulin (GLB) levels during neonatal hyperbilirubinemia. A total of 430 full-term infants aged between 1 and 28 days, diagnosed with neonatal hyperbilirubinemia, were enrolled in the present study. Neonates with intrauterine infection, genetic abnormalities and congenital diseases were excluded from the cohort. All neonates received single-side phototherapy (halogen lamps for 12 h per day, for 3 days) and/or intravenous albumin (IVALB; 1 g/kg/day, for 2 days) and/or intravenous immunoglobulin (1 g/kg/day, for 2 days). Total serum bilirubin (TSB), albumin (ALB) and GLB levels were examined twice, on the first and fourth days of hospitalization. Neonatal TSB concentrations decreased from 299.6±83.9 to 163.6±57.6 µmol/l following 3 days of intensive treatment (P<0.001). Pearson correlative analysis indicated that TSB was significantly correlated to the GLB level (r=0.249; P<0.01), but not with ALB level. There was a significant decrease in GLB levels following phototherapy+IVALB (P<0.001). The GLB levels decreased to 2-4 g/l (10-20% compared with their baseline levels) and were markedly decreased in infants >16 days old compared with those in patients aged <16 days (P<0.001). The decreases in GLB levels observed were 21.3±4.1 to 18.5±4.2 g/l in the phototherapy group, and 23.0±3.9 to 16.6±4.5 g/l in the phototherapy+IVALB (P<0.001). The decrease in GLB levels was associated with age (95% confidence interval; -0.152, -0.016). The results demonstrated that phototherapy decreased serum GLB levels, particularly in infants aged >16 days, while additional IVALB treatment promoted the decrease, along with increased age.
Introduction
Hyperbilirubinemia is a common phenomenon and occurs in ~60% of full-term newborns (1) . Although the majority of cases of neonatal hyperbilirubinemia are physiological, excessive unconjugated bilirubin is a potential neurotoxin and infants should be monitored, to identify those who may develop severe hyperbilirubinemia, and in rare cases, acute bilirubin encephalopathy or kernicterus (2, 3) .
To prevent the potential toxicity of bilirubin, phototherapy has been suggested for the treatment of neonatal hyperbilirubinemia. In addition, intravenous immunoglobulin (IVIG) and albumin (IVALB) are administrated to neonates with hemolytic hyperbilirubinemia (4, 5) . IVALB may be effective for preventing the occurrence of complications associated with hyperbilirubinemia, including neuronal developmental abnormalities and blood transfusions (6) (7) (8) (9) . However, there have been a number of previous studies indicating that neonatal hyperbilirubinemia and/or phototherapy may be associated with infant immune disorders including asthma, thrombocytopenia and arthritis (10) (11) (12) , or septic shock (13, 14) . Administration of IVALB serves a key role in preventing neonatal encephalopathy or kernicterus by binding to bilirubin and accelerating its supersession in plasma (7) . Conversely, albumin (ALB) peptides may exhibit a cross-linking interaction with the neonatal Fc receptor (FcRn) and promote IgG catabolism by saturating FcRn to decrease sustained high serum IgG level (15) .
To evaluate the occurrence of humoral immunity injury associated with the administration of phototherapy or IVALB in neonatal hyperbilirubinemia, a retrospective study was conducted, and it was identified that phototherapy and IVALB were risk factors in the decrease of globin (GLB) levels in neonatal hyperbilirubinemia.
Patients and methods
Patients. The present study was conducted in the neonatal intensive care unit (NICU) in Zhongnan Hospital of Wuhan University (Wuhan, China) between January 2011 and December 2015. A total of 465 full-term infants were diagnosed with neonatal hyperbilirubinemia, ages ranging from 1 to 28 days, and 430 cases were enrolled in the study cohort according to modified criteria based on the American Academy of Pediatrics Subcommittee on Hyperbilirubinemia, for the management of hyperbilirubinemia in newborn infants ≥37 weeks gestation age (1): i) Newborns had total serum bilirubin ≥100 µmol/l at first day of birth or ≥257 µmol/l at 2-28 days following birth; ii) patients exhibited blood group incompatibility (ABO), maternal Rhesus group negative hemolysis or G-6-PD deficiency hemolytic anemia and polycythemia; iii) idiopathic hyperbilirubinemia without cholestasis, and cranial hematoma; iv) confirmed bacterial infection following birth with positive blood culture and increased C-reactive protein. Cases of hyperbilirubinemia lasting >1 week due to blood group incompatibility or physiological delay were also included in this study. A total of 25 cases were excluded as they exhibited congenital abnormalities, including subtle dysmorphism of unknown significance or a major anomaly of a single organ, inborn errors of metabolism and congenital viral infections. The present study was registered as a clinical study in the Chinese Clinical Trial Registry (ChiCTR-ORC-16008872) and the Institutional Review Board of Zhongnan Hospital of Wuhan University approved the study (approval no. 2015019), and all guardians signed informed consents.
Intervention protocol in hyperbilirubinemia. The intervention was conducted according to the time of neonatal jaundice onset, the causes of hyperbilirubinemia and the serum bilirubin levels. Neonates with hyperbilirubinemia were divided into four groups: conventional intensive single-side phototherapy (halogen lamps) alone (used in all jaundice neonates); phototherapy combined with IVALB (used for unidentified pathological hyperbilirubinemia with total serum bilirubin (TSB) >300 µmol/l]: phototherapy combined with IVIG (used for jaundiced patients with blood group incompatibility with TSB <300 µmol/l); and phototherapy combined with IVIG+IVALB (for blood group incompatibility with TSB >300 µmol/l). The interference protocols were performed as follows: Phototherapy for 12 h/day, for 3 days; IVIG 1 g/kg/day for 2 days; and IVALB 1 g/kg (Fig. 1) . A total of 31 of 178 neonates with TSB >300 µmol/l did not receive IVALB or IVIG due to refusal of blood products by parents.
Data were recorded from the clinical database of infants admitted to the NICU. Clinical characteristics were documented at the time of enrollment, including sex, age (in days after birth), gestation age at delivery, delivery manner and birth weight. Blood samples were collected, and concentrations of serum GLB, ALB, TSB and direct serum bilirubin (DSB) were examined twice, at the first day of hospitalization and the fourth day following phototherapy with or without IVIG and/or IVALB treatment. In the phototherapy-alone group, patients received an equal amount of a 5% glucose intravenous infusion. The human IVIG (pH 4, 5%, 50 ml, 4˚C) and IVALB (20%, 50 ml, room temperature) products used in the present study were provided by Wuhan Institute of Biological Products Co., Ltd. (Wuhan, China). The IVIG treatment contained 95% monomeric IgG and no aggregates when applied according to the manufacturer's protocol.
Laboratory examination. The serum was separated from blood samples in the dark and centrifuged (1,509 x g for 10 min at room temperature). Serum TSB, DSB, ALB and GLB were measured in all hyperbilirubinemia neonates at 1 h after admission and the fourth day after the initiation of treatment using a Beckman AU5800 biochemistry analyzer (Beckman Coulter, Inc., Brea, CA, USA).
Statistical analysis. Data are presented as mean ± standard deviation or number (%). Pearson correlation analysis was performed between the variances of infant age with ALB and GLB levels. Continuous variables were compared between the groups using the two-tailed Student's t-test and one-way analysis of variance with the Student-Newman-Keuls method. Statistical analysis was performed using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Characteristics of neonatal hyperbilirubinemia.
A total number of 430 Chinese full-term newborns were enrolled in the present study. Patient clinical characteristics are summarized in Table I . A total of 302 cases were admitted at 1-6 days after birth, 42 cases at 7-10 days, 43 cases at 11-15 days and 43 cases Fig. 2 ). Following 3 days of treatment, TSB concentrations decreased from 299.6±83.9 to 163.6±57.6 µmol/l (P<0.001). These data imply that neonatal hyperbilirubinemia incurs a decrease in GLB levels during the perinatal period. When compared with the effect of different methods of intervention on serum ALB and GLB levels, as indicated in Table IIA , there was no significant difference of the serum ALB concentration in the phototherapy-alone and phototherapy combined with IVIG treatment (P>0.05), and ALB levels increased in groups who received additional IVALB. By contrast, the GLB levels decreased significantly from 21.3±4.1 to 18.5±4.2 g/l in the phototherapy group (Table IIB) , and 23.0±3.9 to 16.6±4.5 g/l in the group of phototherapy combined with IVALB (P<0.001). There was no significant difference in GLB levels in groups receiving IVIG. All infants exhibited marked decreases in TSB concentration compared with their baseline levels (Table IIC) .
Phototherapy promotes the decrease in GLB levels in neonatal hyperbilirubinemia. To exclude the effect of IVIG and ALB infusion on serum GLB levels, the effect of phototherapy with and without IVALB intervention on serum GLB concentration along with neonatal age was evaluated. As demonstrated in Fig. 3A , 250 patients received phototherapy only, and the ALB levels indicated no change following the intervention (P>0.05). However, the GLB level decreased significantly (Fig. 3B) following the treatment, and the degree of decrease in concentration increased with age (P<0.001). Among these cases, 4 neonates admitted were identified as having a bacterial infection, with severe sepsis on the fifth day following phototherapy, requiring the administration of antibiotics. The maximum decrease in GLB levels occurred in age range of 16-28 days, which exhibited a 4.7 g/l decrease (22%) in comparison with the first day of admission.
Fig . 3C describes the 104 infants who received phototherapy combined with IVALB at the various birth ages. The ALB levels increased in correspondence with increases in age, while there was no significant change compared with their original levels (P>0.05). Conversely, the decrease in GLB level was significantly decreased at each age ( Fig. 3D; P<0 .001). The maximum decrease in GLB levels occurred between the ages of 16-28 days, which exhibited a 4.5 g/l decrease compared with their baseline level. These results indicate that phototherapy may be the primary mechanism for the decreasing neonatal serum GLB levels, particularly in infants aged >16 days old, while additional IVALB promoted the decrease, along with increasing birth ages. As a result, the effect of phototherapy on GLB levels was correlated with patient age; older infants (16-28 days old) exhibited a greater decrease in GLB levels compared with younger patients (<16 days old).
Discussion
The present study summarized the observation that serum GLB levels decrease in response to intensive phototherapy, with or without IVALB infusion in full-term neonates with hyperbilirubinemia. In addition, age may be an important factor in the decrease of GLB levels.
Phototherapy is popular for the treatment of neonatal hyperbilirubinemia, and occasionally in combination with IVIG and IVALB infusion for severe cases (6, 9, 16) . IVIG and/or IVALB are effective for neonates with hemolytic hyperbilirubinemia and for preventing neurodevelopmental abnor malities or ker nicter us. The present study adopted phototherapy+IVALB treatment strategy for certain hyperbilirubinemia cases as these infants exhibited higher serum bilirubin levels compared with normal physiological ranges; these increased levels may be attributed to hyperhemoglobinemia, which causes prolonged hyperbilirubinemia and increases the risk of bilirubin encephalopathy. Therefore, the IVALB was used as a preventive treatment. In the present study, although there was different baseline TSB levels between the phototherapy-alone and phototherapy+IVALB groups, there was no difference in their baseline ALB and GLB levels. Phototherapy was conducted for each infant, and IVIG was added if neonates presented with hemolytic hyperbilirubinemia at first day of birth, or IVALB was added for neonates with serum TSB levels >300 µmol/l at the time of admission, and the combination of IVIG+IVALB was administered in patients with hemolytic hyperbilirubinemia with TSB >300 µmol/l. Using this protocol, no infant mortalities were recorded, and no patients developed kernicterus or required blood transfusion. However, four neonates who had a negative blood culture at their initial admission were identified as having bacterial infection with severe sepsis (Escherichia coli) on the fifth day following phototherapy alone (3 cases) or combined with IVALB (1 case), requiring the administration GLB, globulin; ALB, albumin; TSB, total serum bilirubin; IVIG, intravenous immunoglobulin; IVABL, intravenous albumin; GLB-0, serum GLB levels at admission; GLB-1, serum GLB levels following intervention; ALB-0, serum ALB levels at admission; ALB-1, serum ALB levels following intervention; TSB-0, TSB levels at admission; TSB-1, TSB levels following intervention. The GLB proteins are usually classified into four groups, defined as α-1, -2, β and γ globulins. The optimal range for GLB is 21-23 g/l in neonates, which includes 75% γ globulin (17, 18) . α and β globulins are synthesized in the liver cells and γ globulin is produced by B lymphocytes. Among the serum GLB in neonates, 75% are IgG, and a small number of IgM, IgA and IgD molecules, which are predominantly active against bacteria, and are responsible for the opsonization of microbes and facilitation of their uptake and elimination by phagocytic cells in the immune system. In the present study, the baseline ALB/GLB ratio was 1.7, and increased to 2.3 g in the phototherapy-only group, which implies that phototherapy is the primary reason for decreases in GLB, while IVALB additionally promoted the decrease.
Infants acquire maternal IgG in utero, and then begin to gradually produce IgG autonomously up to normal levels by 1 year after birth; IgG concentrations decrease progressively until the third month, and then increase again until the sixth month (19, 20) . However, phototherapy intervention may accelerate the clearance of IgG, which may confer a potential risk of developing humoral immune disorders (11, 12) . Although it cannot be confirmed that the cases of sepsis were directly associated with the phototherapy, the risks of severe infection appeared to be unavoidable when the ALB/ALB ratio was disrupted (21) . It has been demonstrated that phototherapy may cause an increased incidences of infection in neonates by increasing the total number of peripheral white blood cells, which may complicate any existing infections (22, 23) . Previous study has demonstrated that phototherapy may have harmful effects on the immune system of neonates with hyperbilirubinemia (14) . The potential mechanisms of immunological disturbances subsequent to phototherapy treatment involve affecting the Th2/Th1 switch disorder, ultimately causing allergic diseases during childhood and later in life, which may affect the immune system and lead to autoimmunity disorders (13, 24) . From these studies, it may be inferred that phototherapy is not only associated with cellular immunity, but that it also attenuates humoral immunity.
As demonstrated in the present study, the decrease in neonate GLB levels was associated with phototherapy; the maximum ratio decreased to 30% compared with baseline levels, particularly in the group of neonates >16 days. The mechanism through which phototherapy causes decreases in GLB remains unclear. Previous studies have indicated that ALB may bind to the FcRn and alter the serum half-life of GLB, while ALB may block the FcRn-IgG interaction and increase IgG catabolism, as FcRn is responsible for protecting IgG from degradation by trafficking IgG (15, 25) . Neonates who received IVIG demonstrated an optimal concentration of GLB following treatment (26) . However, this does not mean that the use of IVIG during phototherapy Figure 3 . ALB, ALB1, GLB and GLB1 serum concentration measurements at baseline and on the fourth day following treatment. (A) ALB levels prior and subsequent to phototherapy alone. (B) GLB levels prior and subsequent to phototherapy alone. (C) ALB levels prior and subsequent to phototherapy combined with intravenous albumin. (D) GLB levels prior and subsequent to phototherapy combined with intravenous albumin. Data were analyzed with an unpaired t-test. GLB, baseline globulin level; ALB, baseline albumin level; GLB-1, serum GLB levels following intervention; ALB-1, serum ALB levels following intervention.
should be encouraged; conversely, doctors must carefully consider the use of phototherapy in those patients with hyperbilirubinemia that are not high risk, and ensure that sufficient access to breast feeding is available during phototherapy (27) (28) (29) (30) .
There are certain limitations in the present study: The IgG levels were not measured, and there was no long-term follow-up strategy to define the subsequent immune status of the children who underwent phototherapy during the neonatal period. The final conclusions of the effects of phototherapy on the levels of serum GLB later in childhood are not available at present, but will be observed in future.
Taken together, the results of the present study demonstrated that phototherapy accelerates serum GLB depletion, which implies infants receiving phototherapy have an increased risk of immunosuppression, particularly in newborns aged >16 days. Additional IVALB treatment promoted this decrease, along with increased age.
